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Poly(ADP-ribose) polymerase (PARP) (EC 2.4.2.30), 
the only enzyme known to synthesize ADP-ribose poly- 
mers from NAD + , is activated in response to DNA strand 
breaks and functions in the maintenance of genomic 
integrity. Mice homozygous for a disrupted gene encod- 
ing PARP are viable but have severe sensitivity to y-ra- 
diation and alkylating agents. We demonstrate here that 
both 3T3 and primary embryo cells derived from 
PARP _/ ~ mice synthesized ADP-ribose polymers follow- 
ing treatment with the DNA-damaging agent, iV-methyl- 
iV'-nitro-iV-nitrosoguanidine, despite the fact that no 
PARP protein was detected in these cells. ADP-ribose 
polymers isolated from PARP"~'~ cells were indistin- 
guishable from that of PARP + ' + cells by several criteria. 
First, they bound to a boronate resin selective for ADP- 
ribose polymers. Second, treatment of polymers with 
snake venom phosphodiesterase and alkaline phospha- 
tase yielded ribosyladenosine, a nucleoside diagnostic 
for the unique ribosyl-ribosyl linkages of ADP-ribose 
polymers. Third, they were digested by treatment with 
recombinant poly (ADP-ribose) glycohydrolase, an en- 
zyme highly specific for ADP-ribose polymers. Collec- 
tively, these data demonstrate that ADP-ribose poly- 
mers are formed in PARP -/ ~ cells in a DNA damage- 
dependent manner. Because the PARP gene has been 
disrupted, these results suggest the presence of a previ- 
ously unreported activity capable of synthesizing ADP- 
ribose polymers in PARP -/ ~ cells. 
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clear enzyme that catalyzes the formation of complex ho- 
raopolymers of ADP-ribose from NAD 4 " on nuclear proteins in 
response to DNA damage. Recently, mice homozygous for a 
disrupted PARP gene (PARP~ /_ ) have been generated (1-3). 
These animals and cells derived from them are being widely 
studied to better understand the potential roles of ADP-ribose 
polymer metabolism in cellular functions including DNA repair 
(4) and apoptosis (5, 6). The PARP~ /_ mice show normal fetal 
and postnatal development (1, 2) but have inherent genomic 
instability and are highly sensitive to DNA damage induced by 
y-radiation and alkylating agents (2, 4, 5), These results indi- 
cate that PARP is involved in maintaining genomic integrity 
and cell survival, especially following geno toxic insults. How- 
ever, viability of the null genotype mice suggests that PARP is 
not essential for growth, development, or differentiation. Be- 
cause there has been only a single gene product reported with 
PARP activity, we have used the PARP null genotype to ad- 
dress whether any other activities might be present that are 
capable of generating ADP-ribose polymers. Here, we show 
that cells derived from PARP~ /_ animals form ADP-ribose 
polymers, indicating the presence of enzymatic activity capable 
of catalyzing ADP-ribose polymer synthesis, which may repre- 
sent heretofore unreported family member(s) of PARP. 

EXPERIMENTAL PROCEDURES 

Cell Culture — PARP +7+ and PARP-^mice (strain C57BL/6) devel- 
oped by Wang et al. (1) were used for the studies described here. 
Primary mouse embryo or immortalized 3T3 (PARP* 74 clone A19, 
PARP ' 7 clone A4, and PARP 7 clone Al) cells were grown in Dulbec- 
co's modified Eagle's medium supplemented with 10% bovine calf serum 
(Hyclone). 

Southern Blot Analyses — Total genomic DNA from cultured cells of 
different PARP genetic backgrounds (4-/-!-, -f /-, and -/-) was prepared 
as described previously (7). DNA (10 ^g) was digested with Pvull, 
fractionated on a 1% agarose gel, transferred to a nylon membrane 
(Hybond N+, Amersham Pharmacia Biotech), and hybridized to a 
PARP gene-specific probe (1), a 0.5-kb Xho 1 -Hin dill fragment 3a P- 
radiolabeled (3.2 X 10° dpm/ng of DNA) by a random hexamer priming 
method (8). Prehybridization and hybridization were carried out at 
42 °C in 50% formamide, containing 0.25 m sodium phosphate buffer, 
pH 7.2, 0.25 M NaCl, 3% SDS, 1 mM EDTA, 5x Denhardt's solution (7), 
and 10% (w/v) dextran sulfate. After extensive washing in 2x SSPE and 
in 0.2X SSPE containing 1% SDS at 65 °C, blots were subjected to 
autoradiography at -80 °C for 6 h using Kodak Biomax MS film and 
intensifying screens. 

Western Blot Analyses — Cells were collected by centrifugation follow- 
ing removal from culture dishes with trypsin and dissolved in PBS 
containing 0.5% sodium deoxycholate, 0.1% SDS, 1% Triton X-100, 0.5% 
Nonidet P-40, 5 mM EDTA, and freshly prepared protease inhibitors, 1 
mM ph en yim ethyls ulfonyl fluoride, 0.001% aprotinin, 0.001% leupeptin. 
Proteins were quantified by the method of Bradford (9). Following 
Bonification for 30 s at 35% power, the proteins were separated by 
SDS-PAGE on a 10% gel and transferred to nitrocellulose membranes 
(0.2 fim, Optitran from Schleicher & Schuell) for Western blot analyses. 
The blots were blocked in TBS-Tween (50 mM Tris-IICl, pH 8.0, 150 mM 
NaCl, 0.05% Tween 20 (v/v)) containing 5%< fat- free dry milk and incu- 
bated with PARP antibody at 1:1333 dilution (A252, Biomol, Plymouth, 
PA) that was an an ti peptide antibody generated against the carboxyl- 
terminal portion of the automodification domain of PARP. Immunore- 
active material was revealed by incubating with secondary an ti -rabbit 
IgG-peroxidase (A- 545, Sigma) at 1:30,000 dilution in TBS-Tween con- 
taining 5% fat- free dry milk. The Amersham ECL system was used for 
detection. 

Measurement of NAD* — Intracellular NAD + was extracted from 
cells in midexponential phase of growth. Cell numbers were similar for 
PARP' 71 and PARP™'™ cells within a given experiment. MNNG was 
prepared freshly in Me 2 S0 so that the final concentration of the solvent 
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Fig. 1. Southern blot analyses of 3T3 cells from mice of various 
PARP genotypes. DNA was isolated from cultured cells derived from 
mice of various PARP genotypes and digested with Puull, separated by 
agarose gel electrophoresis, transferred to a nylon membrane, and 
probed with a PARP- specific probe (1). 

was 0.5% (v/v) when added to the culture medium. Following a 20-min 
treatment period, the medium was removed, and the cells were washed 
twice with PBS. The cells were extracted using 0.5 M HC10 4 at 4 °C. The 
acid -insoluble material was removed by centrifugation, and the result- 
ing supernatant fraction was adjusted to pH 7.3 with 1.0 M KOH, 0.33 
M potassium phosphate. Following removal of the potassium perchlo- 
rate precipitate, NAD + was determined by an enzymic cycling assay as 
described previously (10). 

Measurement of Poly (ADP-ribose) Accumulation — For quantification 
of ADP-ribose polymers, cells were grown to confluence and incubated 
with [ 3 H] adenine for 16 h to radiolabel the NAD 4 pool. To induce 
ADP-ribose polymer synthesis, cells were incubated in 136 /am MNNG 
at 37 °C for 20 min, followed by addition of 20% (w/v) trichloroacetic 
acid at 4 "C. The trichloroacetic acid-insoluble material was collected by 
centrifugation and applied to a dihydroxyboronyl-Bio-Rex column as 
described previously (11), The eluate containing ADP-ribose polymers 
was lyophilized to dryness and resuspended in 2 ml of 50 mM MOPS 
buffer, 5 mM MgCl 2> pH 7.5. The sample was digested with 1 unit of 
snake venom phosphodiesterase (Worth ington) and 1 unit of alkaline 
phosphatase (Sigma) at 37 °C for 3 h. The digestion mixture was passed 
through a 0.45-ju,m filter and analyzed by HPLC on a 5-/xm Beck man 
C18 ODS-reversed phase column (4.6 mm X 25 cm) using 7 mM ammo- 
nium formate, 1% methanol as the running solvent at a flow rate of 1 
ml/min. Standards of adenosine and deoxy adenosine, 10 nmol each, 
were coinjected with each sample. 

RESULTS 

Analysis of PARP Genotype in Cultured Cells — Fig. 1 shows 
Southern blot analyses of total genomic DNA isolated from 3T3 
cells derived from embryos of various PARP genotypes as re- 
vealed by hybridization with a previously described probe (1), 
Digestion of genomic DNA with Pvull generated a 4.7-kb DNA 
fragment in the PARP +/+ genotype, a 1.7-kb DNA fragment in 
the PARP" 7 " genotype, and both fragments in the PARP"* 7 " 
genotype. The same results were observed when genomic DNA 
was isolated from primary mouse embryo cells obtained from 
the respective genotypes (data not shown). 

Detection of PARP Protein by Western Blot Analyses — We 
examined for the presence of PARP protein -in cultured mouse 
cells of various PARP genotypes using an antipeptide antibody 
developed against the carboxyl-terminal region of the auto- 
modification domain of PARP. A SDS-PAGE gel was loaded 
with a total of 30 ug of protein from 3T3 cell extracts and 60 ug 
of protein from primary embryo fibroblasts. The only detectable 
differences between the various genotypes were in the region 
expected for full-length PARP as shown in Fig. 2. For 3T3 cells, 
a band of immunoreactive material at approximately 116 kDa 
was observed in PARP"" /+ cells, whereas a band of less inten- 
sity was observed in PARP 47 " cells, and no band was detectable 
in the PARP null genotype. Likewise, extracts of primary em- 
bryo cells from PARP t/+ mice showed an intense band at 116 
kDa whereas no PARP protein was detected in analyses of 
extracts of cells from PARP" 7 " animals (Fig.'2). 

MNNG-induced NAD* Consumption — The activation of 
PARP by treatment of cells with alkylating agents is known to 
lead to a rapid consumption of the cellular NAD + pool (12, 13). 
We studied the effect of a 20-min treatment of MNNG on the 



3T3 Primary 

PARP Genotype 
4/+ +/- +/+ -V- 

Fig. 2, Western blot analyses of cell extracts for PARP. Total 
cell protein was separated by SDS-PAGE, transferred to a nitrocellulose 
membrane, and probed with a PARP antibody. Immunoreactive mate- 
rial was detected as described under "Experimental Procedures." 

NAD + content of 3T3 and primary embryo cells from the dif- 
ferent PARP genotypes. Fig. 3 shows the NAD 4 content of 3T3 
cells of different PARP genotypes as a function of time follow- 
ing treatment with 68 juim MNNG (Fig. SB) and as a function of 
MNNG dose 240 min following treatment (Fig. 3A). The data 
are presented as percent of control NAD^ content because of a 
slightly different number of cells and initial NAD^ content for 
the two genotypes (1.5 x 10 5 for PARP 474 versus 2.2 x 10 5 for 
PARP""'" cells). Initial NAD 4 * values were 120 and 140 pmol/ 
sample, respectively. Both PARP 4 " 7 "*" and PARP~ /_ cells showed 
time- and dose-dependent depletion of NAD 4 ", although deple- 
tion appeared to be slightly slower in the PARP" 7 " cells. When 
500 fiM benzamide, a known inhibitor of ADP-ribosyl trans- 
ferases, was added to the culture medium, rates of NAD + 
consumption were suppressed in cells from both genotypes. 
Results similar to those shown in Fig. 3 were obtained with 
primary embryo cells from PARP +/+ and PARP _/ ~ mice (data 
not shown). 

ADP-ribose Polymer Accumulation in MNNG-treated Cells — 
Because we observed depletion of NAD + following treatment of 
PARP~ /_ cells with MNNG, we investigated the possibility that 
these cells contain an activity capable of catalyzing conversion 
of NAD" to ADP-ribose polymers. Both PARP +/4 ~ and PARP''- 
3T3 cells were radiolabeled with [ 3 H] adenine and examined for 
the presence of ADP-ribose polymers using a method previ- 
ously described (11). In this method, ADP-ribose polymers are 
isolated using a boronyl resin and digested with snake venom 
phosphodiesterase and alkaline phosphatase, which results in 
the generation of ribosyladenosine (rAdo), a nucleoside unique 
to the ribosyl-ribosyl linkages of ADP-ribose polymers (14). The 
presence of radiolabeled rAdo (formed from internal polymer 
residues) and Ado (formed from terminal residues) was then 
examined by HPLC as shown in Fig. 4. Although radiolabeled 
Ado can result from either ADP-ribose polymers or from RNA, 
rAdo is diagnostic for ADP-ribose polymers (14). In the absence 
of MNNG treatment, no detectable rAdo was present in either 
the PARP 474 or PARP" 7 " cells (Fig. 4, A and B), although small 
amounts of Ado were detected, most likely from a small con- 
tamination with RNA. Following treatment with 136 yxM 
MNNG for 20 min, radiolabel co-eluting with rAdo was dem- 
onstrated in both genotypes (Fig. 4, C and D), although the 
amount present in the PARP 7 " cells was less. Quantification 
is shown in Table I below from an experiment in which the 
specific radioactivity of the NAD 4 " pool in each cell type was 
measured. Average polymer size, estimated by the relative 
amounts of rAdo and Ado, was approximately 3.4 residues in 
PARP 4-/4 cells and 1.7 residues in PARP"" 7 " cells. When the 
ADP-ribosyl transferase inhibitor benzamide was present dur- 
ing the MNNG treatment, rAdo accumulation was suppressed 
by more than 80% in both PARP genotypes (Fig. 4, E and F). 
The presence of radiolabel co-eluting with rAdo indicates that 
PARP~ ; ~ cells retain the ability, albeit reduced, to generate 
ADP-ribose polymers following DNA damage. Two additional 
experiments were done to determine whether the radiolabel 
eluting at the position of rAdo was derived from ADP-ribose 
polymers. First, when phosphodiesterase and alkaline phos- 
phatase were omitted from the analyses, no radiolabel mi- 
grated at the position of rAdo for either PARP 474 or PARP" 7 " 
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Fig. 3. Effect of MNNG treatment on the NAD + content of 3T3 
cells derived from PARP +/+ and PARP _/ ~ mice. Cells in exponen- 
tial growth were treated with MNNG as described under "Experimental 
Procedures." A, NAD* content at 240 min following a 20-min treatment 
with different doses of MNNG. B, time course of NAD* consumption 
following a 20-min treatment with 68 /iM MNNG. Triangles represent 
PARP _/ ~ cells, and circles represent PARP +/+ cells. Open symbols rep- 
resent cultures containing 500 jiM benzamide. Error bars representing 
standard deviations from triplicate measurements are shown for values 
larger than the size of the symbols. A representative experiment is 
shown. This experiment was repeated 5 times. 
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Fig. 4. HPLC analyses of nucleosides obtained from ADP-ri- 
bose polymer preparations from 3T3 cells. Confluent 60-mm 
dishes of cells (1.5-1.8 X 10 6 cells) were labeled with 2.5 ml of medium 
containing 18 jLiCi/ml [ 3 H] adenine for 16 h, ADP-ribose polymers were 
isolated and digested as described under "Experimental Procedures "A, 

C, and E show analyses from PARP +/+ cells, and B, D, and F show 
analyses from PARP" 7 "" cells. In A and B cells were not treated; in C and 

D, cells were exposed to 136 juM MNNG for 20 min; in E and F, 1 mM 
benzamide was present during the MNNG treatment period. Ado and 
rAdo mark the elution position of the respective nucleosides. Label 
eluting at approximately 35 min corresponds to deoxyadenosine, repre- 
senting a small contamination of DNA in polymer preparations from 
PARP"'" cells. 



cells (data not shown), demonstrating that the material was 
derived from polymers sensitive to these enzymes. Second, 
polymer preparations were treated with purified recombinant 
poly(ADP-ribose) glycohydrolase (PARG) before digestion with 
phosphodiesterase and alkaline phosphatase. PARG specifi- 
cally catalyzes hydrolysis of the ribosyl-ribosyl linkages in 
ADP-ribose polymer residues forming ADP-ribose (15); thus, 
PARG treatment should result in the loss of rAdo and the 
formation of Ado when ADP-ribose polymers treated with 
PARG are subsequently treated with phosphodiesterase and 
alkaline phosphatase. The data of Fig. 5 compare the results 
obtained with and without PARG digestion of polymers isolated 
from MNNG-treated PARP - '- 3T3 cells. All of the radiolabel 
co-eluting with rAdo was converted to Ado when polymers were 
treated with PARG before digestion to nucleosides, demon - 



Table I 

Quantification of ADP-ribose polymers in MNNG-treated cells 
Cells were treated with 136 /iM MNNG, and ADP-ribose polymers 
were isolated and quantified as described (11). Benzamide concentra- 
tion was 1 mM. The data shown are from a representative experiment. 
Each analysis was conducted at least 3 times. ND means not deter- 
mined. 



Cell type 



MNNG MNNG + benzamide MNNG + PARC 



3T3 PARP +/+ 
3T3 PARP"'" 
PARP +/+ primary cells 
PARP _/ ~ primary cells 



9.3 
2.3 
10.8 
0.3 



pmol rAdo I l(f cells 

1.4 

0.4 

1.1 
<0.1 



ND 
<0.1 
ND 
<0.1 



a ADP-ribose polymers were treated with PARG before digestion to 
nucleosides. 
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Fig. 5. Effect of PARG treatment on ADP-ribose polymer prep- 
arations from PARP _/ " 3T3 cells. Confluent 100-mm dishes of 
PARP~'~ cells (3.8 x 10 6 ) were labeled with 7.5 ml of medium contain- 
ing 45 /LLCi/ml [ 3 H] adenine for 16 h. The cells were treated with MNNG, 
and ADP-ribose polymers were isolated as described under "Experimen- 
tal Procedures." A shows the HPLC analysis of nucleosides formed 
when ADP-ribose polymers were treated with snake venom phosphodi- 
esterase and alkaline phosphatase. B shows an analysis of an equal 
aliquot of polymers that were subjected to treatment with PARG before 
phosphodiesterase and alkaline phosphatase treatment. The results of 
a representative experiment are shown. 

strating that the polymers synthesized in PARP cells serve 
as a substrate for PARG. The same result was obtained in 
studies using primary embryo cells from PARP _/ ~ mice. 

Quantitative comparisons of ADP-ribose polymer accumula- 
tion following MNNG treatment in 3T3 and primary embryo 
cells of various PARP genotypes are shown in Table I. The 
quantification of ADP-ribose polymer residues was determined 
by first measuring the specific radioactivity of the NAD f pools 
in each cell type (11), because the different growth rates of the 
cells result in slightly different specific radioactivities. The 
amount of polymer accumulated was similar in both primary 
embryo cells and 3T3 cells from the PARP +/+ genotype follow- 
ing MNNG treatment. However, the 3T3 PARP"'" cells accu- 
mulated approximately 25% of that observed in the 3T3 
PARP +/+ cells, whereas in primary cells polymer accumulation 
was less than 3% in the null genotype compared with wild type 
cells. 

DISCUSSION 

We have demonstrated in cells derived from PARP~'~ mice 
activity that forms ADP-ribose polymers in response to DNA 
damage. The cultures analyzed for NAD* and ADP-ribose poly- 
mer content were genotyped by Southern analyses to verify 
disruption of the PARP gene, ruling out the possibility of errors 
in identification or cross-contamination of cultures. In addition, 
we have shown by Western blot analyses that there is no 
detectable expression of full-length PARP protein or cross- 
reactive material unique to PARP~'~ cultured cells. 
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The amount of ADP-ribose polymers accumulated in 
PARP" 7 " cells following treatment with MNNG was consider- 
ably less than that measured in PARP +/-+ cells. This difference 
was more pronounced in primary embryo cells than in 3T3 
cells. The procedure used to derive 3T3 cells requires continu- 
ous cell division and may have selected for cells with a greater 
ability to synthesize ADP-ribose polymers. This may indicate 
that the ability to generate ADP-ribose polymers provides a 
selective advantage in growth or it may reflect a decreased 
expression of this activity in primary embryo cells, which are 
more highly differentiated than 3T3 cells. 

Although the PARP" /m cells showed reduced accumulation of 
ADP-ribose polymers following MNNG treatment, the amount 
of NAD *" consumed was quite similar in both genotypes. The 
inhibitor benzamide suppressed both NAD* consumption and 
polymer accumulation, suggesting that NAD* consumption 
was because of ADP-ribosyltransferase activity. Polymers of 
ADP-ribose synthesized in response to DNA damage are rap- 
idly turned over (16, 17); thus, NAD 1 " consumption reflects 
total polymer synthesis. Under these rapid turnover condi- 
tions, polymer accumulation reflects the relative rates of syn- 
thesis and degradation by PARP and PARG, respectively. The 
amount of NAD"*" consumed in experiments reported here sug- 
gests that the total amount of ADP-ribose polymers synthe- 
sized in the PARP" 7 " cells is similar to that in the PARP +/+ 
cells. Because cells from the PARP~ /_ mice have unaltered 
PARG activity (18), the net accumulation of ADP-ribose poly- 
mers would be expected to be less in PARP 7 cells, as was 
reported here. A decreased ability to generate polymers com- 
bined with unaltered PARG activity would also be expected to 
result in smaller polymer size, which also was observed. 

The ADP-ribose polymers synthesized in PARP~'~ cells were 
indistinguishable from that of PARP-containing cells as deter- 
mined by several criteria. Their synthesis was stimulated by 
DNA damage and inhibited by benzamide, they were precipi- 
tated by trichloroacetic acid, they bound to dihydroxyboronyl- 
Bio-Rex resin, and they were converted to rAdo and Ado fol- 
lowing treatment with snake venom phosphodiesterase and 
alkaline phosphatase. The material characterized in PARP"'" 
cells cannot be derived from protein-bound monomers of ADP- 
ribose, which would have yielded only Ado using these diges- 
tion conditions. Furthermore, the ribosyl-ribosyl linkages of the 
polymers were digested by PARG, which is highly specific for 
ADP-ribose polymers. These data support the argument that 
PARP" 7 " cells are capable of synthesizing ADP-ribose 
polymers. 

Two possible explanations can be offered for the activity 
responsible for ADP-ribose polymer synthesis in PARP" 7 " cells. 
First, a fragment of the disrupted PARP gene may be expressed 
by some unknown mechanism; however, both this study and 
previous studies have been unable to detect expression of frag- 
ments of PARP in cells of the PARP null genotype. Alterna- 
tively, other enzymes heretofore undetected may be present as 
redundant activities for this metabolism. This possibility is 
supported by the report of nucleotide sequences representing 
two putative PARP genes in Zea mays (GenBank accession nos. 
AJ222588 and AJ222589) and a recent report of a nucleotide 
sequence in mice (GenBank accession no. AF072521), with 
significant homology to the catalytic domain PARP, which may 
encode a second enzyme with PARP activity. This nucleotide 
sequence does not contain homologous amino acid sequences to 
those used to raise the antibodies used in this study to detect 
PARP. Thus, we would not have detected the expression of this 
gene product in the experiments reported here. Regardless of 
the origin of the activity reported here in PARP~'~ cells, it only 
partially compensates for PARP depletion. The population dou- 



bling time of PARP" / cells was approximately 43 h compared 
with 20 h for PARP +/+ cells (data not shown) (5). This extended 
cell cycle time is likely the result of loss of function for PARP, 
which is known to interact with DNA polymerase a during the 
S and G 2 phases of the cell cycle (19). Further, PARP has been 
shown to be a component of the multienzyme replication com- 
plex (20). It has been hypothesized to function as a component 
of the DNA damage surveillance network that coordinates cel- 
lular responses to DNA damage with the replication apparatus 
(19). This hypothesis is supported by the observations that 
PARP"'" cells exhibit increased genomic instability, which is 
increased 4-5-fold by DNA damage. Another defect in 
PARP" 7 " cells is a decreased rate of base excision repair (4). 
Recent studies have shown that PARP interacts directly with 
DNA repair enzymes, such as XRCC1, DNA polymerase ft and 
ligase III, presumably to recruit and coordinate various com- 
ponents of the base excision repair pathway (4). In PARP" 7 " 
cells, the lack of PARP and the resulting DNA repair defects 
appear to be causal for alkylating agent-induced G 2 M cell cycle 
blocks, chromosome abnormalities, and cytotoxicity (4, 5). 
Thus, deficiencies in the PARP pathway, either genetic or 
nutritional (21, 22), appear to have adverse consequences as 
these deficiencies have been shown to disrupt DNA repair and 
some apoptotic signaling pathways (6), The activity capable of 
ADP-ribose polymer synthesis reported here, which is similar 
to PARP by its sensitivity to benzamide and its activation by 
DNA damage, does not serve as a complete replacement for 
PARP, but its presence may indicate that the ability to metab- 
olize poly(ADP-ribose) may be essential for survival and nor- 
mal development. 
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